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SPHINGOSOMES FOR ENHANCED DRUG
DELIVERY

BACKGROUND OF THE INVENTION

Liposoma! formulations of therapeutically active drugs
have significant advantages over drugs injected in free form.
Weinstein, Liposomes: From Biophysics to Therapeutics,
(Ostro, M. 1., ed.), Marcel Dekker, Inc., N.Y., pp. 277-338,
(1987). For example, liposomal formulations of the anti-
cancer alkaloid vincristine have greater eficacy against
L1210 leukemia cells than does {ree vincristine and have
reduced collateral toxicity. Mayer et al., Cancer Chemother.
Pharmacol. 33:17-24 (1993) and Mayer et al., Cancer Res.
50:575-579 (1990). The development of liposomal formu-
lations of therapeutic agents with clinical and/or pharma-
ceutical potential depends on the liposome/drug combina-
tion possessing both biological efficacy and long-term
chemical stability. In general, the efficacy of a liposomal
agent can be improved by increasing both the liposome
circulation lifetime and the ability of the liposome to retain

the encapsulated drug. Mayer, ibid, and Boman et al.,
Cancer Res. 54:2830-2833 (1994). Therefore, much effort

has focused on the development of liposomal formulations
of therapeutic compounds having both extended circulation
times and enhanced drug retention.

A wide vanety of therapeutic agents can be loaded into
liposomes with encapsulation efficiencies approaching
100% by using a transmembrane pH gradient. Mayer et al.,
Biochim. Biophys. Acta 1025:143-151 (1990) and Madden
et al., Chem. Phys. Lipids 53:37-46 (1990). The chemical
stability of these formulations, i.c., the effective retention of
the loaded drugs within the liposomes during circuiation in
vivo, frequently requires that the intraliposomal pH be in the
range between pH 2.0 to 4.0. Within this pH range however,
acid hydrolysis of the acyl component of liposomes can

destabilize the liposomal membranes and result in premature
leakage of the drug.

For example, vincristine can be loaded efficiently into
hiposomes by a pH gradient-dependent encapsulation pro-
cedure which employs an intraliposomal pH of 4.0. Mayer
et al., Biochim. Biophys. Acta 1025:143-151 (1990) and
Mayer et al.,, Cancer Res. 50:575-579 (1990). The work
with liposomal vincristine has been based on vesicles con-
taimng phosphatidylcholine (PC), usually egg PC or dis-
tearoyl-PC, and cholesterol. Mayer et al., 1993, supra.
Increased anti-tumor ethcacy of liposomal vincristine occurs
when the in vivo retention of vincristine in the liposomes 1s
increased using a 100-fold larger transmembrane pH gradi-
ent (1.e. intraliposomal pH=2.0). Boman et al., supra. How-
ever, at this pH the acid-hydrolysis of the PC component of
the liposomes occurs at a significant rate and severely limits
the chemical stability of the liposomes. In particular, the
fatty acid carboxyl esters at positions sn-1 and sn-2 are
especially susceptible to acid-hydrolysis to produce lyso-PC
and free fatty acids. Grit et al., Chem. Phys. Lipids 64:3-18
(1993). Liposomes containing significant proportions of
lyso-PC are more permeable to solutes, and therefore would
be unsuitable as drug delivery vehicles.

It has been reported that sphingomyelin imparts an
increase in the circulation lifetime of liposomes. Allen et al.,
Biochim. Biophys. Acta 981:27-35 (1989) and Allen et al.,
FEBS Lett. 223:42-46 (1987). However, these studies
employed an entrapped aqueous solute (**°I-tyraminylinu-
lin) as a marker for liposome distribution, and the apparent
increase in liposome longevity in the presence of sphingo-

10

15

20

25

30

35

40

45

50

35

65

2

myelin may have resulted at least in part from increased
solute retention by sphingomyelin. There have also been
several reports that sphingomyelin-containing liposomes are
more toxic than PC-containing liposomes. Weereratne et al.,
Brit. J. Exp. Pathol. 64:670-676 (1983), Allen et al., J.
Pharmacol. Exp. Therap. 229:267-275 (1984), and Allen et
al., Res. Commun. Chem. Pathol. Pharmacol. 50:281-290
(1985). Although more conclusive studies are not available,
the perception is that sphingomyelin-containing liposomes
are assoclated with an increased risk of toxicity.

Liposomal formulations of therapeutic compounds having
increased biological and chemical stability are needed in the
art. As the efficacy of liposomal agents may be improved by
increasing the liposome circulation time and the ability of
the liposome to retain the encapsulated drug, the develop-
ment of liposomal formulations having these properties
would be valuable additions to clinical treatment regimens.
Quite surprisingly, the present invention fulfills these and
other related needs.

SUMMARY OF THE INVENTION

The present invention provides a liposomal composition
for delivery of a therapeutic compound to a mammalian
host. The composition comprises a liposome having one or
more membranes which compnse sphingomyelin and cho-
lesterol, a liposomal interior having a pH less than that of the
liposomal exterior, and a lipophilic therapeutic compound
contained 1n the liposome for delivery to the host. The
sphingomyelin and cholesterol are typically present at a
molar ratio from 75/25 mol %/mol %, respectively, to 30/50
mol %/mol %, respectively and in a preferred example at a
ratio of about 55/45, mol %/mol %, respectively. The
lipophilic therapeutic compound may be an alkaloid, such as
vincristine, vinblastine, or etoposide or a prodrug thereof.
The drug, such as vincristine, may be present at a drug to
lipid ratio of approximately 0.01/1.0 to 0.2/1.0. Targeting
ligands and other lipids may also be present as components
of the liposome so long as they do not adversely affect the
stability of the drug and liposome. The liposomes may be
unilamellar or multilamellar, and will typically have mean
diameters of about 0.05 microns to 0.45 microns, and more
preferably about 0.05 microns to (.2 microns. The interior of
the liposome will typically have at a pH of approximately

pH 2 to pH 5, e.g., comprsing a citrate buffer at about pH
4.

In other embodiments the invention provides liposomes
for delivery of a lipophilic therapeutic compound which are
produced by the process of forming a liposome from a
mixture which comprises sphingomyelin and cholesterol in
a first buffered aqueous solution having an acidic pH greater
than pH 2. The liposome 1is then suspended in a second
buffered solution having a pH which is greater than that of
the first buffered aqueous solution, thereby forming a trans-
membrane pH gradient which facilitates the transfer of the
therapeutic compound to the liposome. In some embodi-
ments other passive means of drug entrapment at a low
intraliposomal pH can also be used in the process. These
alternative processes are typically associated with a less
efficient drug entrapment of drug and therefore an additional
step of separating the liposome from the second buffer
containing free drug may be necessary.

The invention also provides methods for enhanced deliv-
ery of a lipophilic therapeutic compound such as a vinca
aikaloid to a host for treatment. The host in need of the
treatment, such as a patient suffering from a tumor, is
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administered the liposomal composition which comprises
sphingomyelin, cholesterol and the drug or a pharmaceuti-
cally acceptable salt thereof. Typically the cholesterol will
be present in the liposomal composition at a total molar
proportion of 30% to 50%, and more preferably the sphin-
gsomyelin and cholesterol are present at a ratio of about
75/25 mol %/mol %, respectively to 30/50 mol %/mol %,
respectively. The delivery of a vinca alkaloid compound
such as vincristine is particularly suitable in these methods.
The vincristine may be present at a drug to lipid ratio of
approximately 0.01/1.0 to 0.2/1.0. In any event, the liposo-
mal composition containing the drug may be administered
repeatedly to the host to maintain a concentration of the drug
sufficient to inhibit or treat the disease, €.g., a tumor, but less
than an amount which causes unacceptable toxicity to the
host. Administration may be by a variety of routes, but the
vinca alkaloids are preferably given intravenously or
parenterally. The liposomes administered to the host may be
unilamellar, having a mean diameter of 0.05 to 0.45 microns,
more preferably from 0.05 to 0.2 microns.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 illustrates the hydrolysis of large unilamellar
liposomes of DSPC/Chol (55/45, mol/mol) (O) SM/Chol
(55/45, mol/mol) (@) at 37° C. in 0.3M citrate, pH 2.0.

FIG. 2A and FIG. 2B illustrate the amount of lipid
remaining in circulation in BDF1 mice injected with large
unilamellar liposomes of DSPC/Chol (55/45, mol/mol) (O),
SM/Chol (55/45, mol/mol) (@) or SM/Chol/PEG-PE (55/
40/5, mol/mol/mol) (M). Injected liposomes were either
empty (FIG. 2A) or loaded with vincristine at a drug/lipid
ratio of approximately 0.1 (FIG. 2B). The injected dose of
lipid was 20 mg/kg, corresponding to a total injection of
approximately 430 ug of lipid.

FIG. 3 depicts the vincristine/lipid ratio in the plasma of
BDF1 mice at various times after the injection of large

unilamellar liposomes of DSPC/Chol (55/45, mol/mol) (O),
SM/Chol (55/45, mol/mol) (@) or SM/Chol/PEG-PE (55/
40/5, mol/mol/mol) (H). Mice were injected with liposomes
at a vincristine/lipid ratio of approximately 0.1, correspond-
ing to a lipid dose of 20 mg/kg and a vincristine dose of 2.0
mg/kg. Total amounts injected were approximately 430 pg
of lipid and 43 ug of vincristine.

FIG. 4 shows the total vincristine remaining in the plasma
of BDF1 mice at various times after the injection of large
unilamellar liposomes of DSPC/Chol (55/45, tool/tool) (O),
SM/Chol (55/45, mol/mol} (@) or SM/Chol/PEG-PE (55/
40/5, mol/mol/mol ) (l). Mice were injected with liposomes
at a vincristine/lipid ratio of approximately 0.1, correspond-
ing to a lipid dose of 20 mg/kg and a vincristine dose of 2.0
mg/keg. Total amounts injected were approximately 430 ug
of lipid and 43 ug of vincristine.

FIG. 5 shows the uptake of large unilamellar liposomes of
SM/Chol (55/45, mol/mol) and DSPC/Chol (55/45, mol/
mol) by peritoneal macrophages. Liposomes containing the
non-exchangeable and non-metabolized radiolabel '“C-
CHDE were injected intraperitoneally at 100 mg/kg. After 4
hrs, macrophages were recovered by lavage and cells and
lipid determined by hemocytometry and liquid scintillation
counting, respectively.

FIG. 6 depicts the loading of vincristine in P388 tumors.
Delivery of vincristine to peritoneal P388 tumors in BDF1

mice after i.v. injection of large unilamellar liposomes of
DSPC/Chol (55/45. mol/mol) (O), SM/Chol (55/45, mol/

mol) (@) or SM/Chol/PEG-PE (55/40/5, mol/mol/mol) ()
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containing vincristine at a drug/lipid ratio of 0.1 (wt/wt).

Vincristine was injected at a dose of 20 mg/kg, representing
a lipid dose of 20 mg/keg.

FIGS. 7A-7C show collectively the anti-tumor efficacy of
liposomal formulations of vincristine. BDF1 mice contain-
ing P388 tumors were injected with large unilamellar lipo-
somes of DSPC/Chol (55/45, mol/mol) (V), SM/Chol (55/
45, mol/mol) () or SM/Chol/PEG-PE (55/40/5, mol/mol/
mol) (A) containing vincristine at a drug/lipid ratio of 0.1
(wt/wt). Control mice received no injection (@). Liposome

concentrations prior to injection were adjusted to achieve
vincristine dosages of 1.0 (FIG. 7A), 2.0 (FIG. 7B) and 4.0

(FIG. 7C) mg/kg.

DESCRIPTION OF THE SPECIFIC
EMBODIMENTS

The present invention provides compositions and meth-
ods for enhanced delivery of therapeutic compounds to a
host. The liposomal formulations of the invention have
extended circulation lifetimes and/or enhanced drug reten-
tion. The liposomes, also referred to as “sphingosomes,” are
comprised of sphingomyelin and cholesterol and have an
acidic intraliposomal pH. The liposomal formulations based
on sphingomyelin and cholesterol have several advantages
when compared to other formulations. The sphingomyelin/
cholesterol combination produces liposomes which are
much more stable to acid hydrolysis, have significantly
better drug retention characteristics, have better loading
characteristics into tumors and the like, and show signifi-
cantly better anti-tumor efficacy than other liposomal for-
mulations which were tested.

“Liposome” “vesicle” and “liposome vesicle” will be
understood to indicate structures having lipid-containing
membranes enclosing an aqueous interior. The structures
may have one or more lipid membranes unless otherwise
indicated, although generally the liposomes will have only
onc membrane. Such single-layered liposomes are referred
to herein as “unilamellar”. Multilayer liposomes are referred
to herein as “multilamellar”.

The liposome compositions of the present invention are
comprised of sphingomyelin and cholesterol. The ratio of
sphingomyelin to cholesterol present in the liposome may
vary, but generally is in the range of from 75/25 mol %/mol
sphingomyelin/cholesterol to 30/50 mol %/mol % sphingo-
myelin/cholesterol, more preferably about 70/30 mol %/mol
sphingomyelin/cholesterol to 40/45 mol %/mol % sphingo-
myelin/cholesterol, and most preferably is approximately
55/45 mol %/mol % sphingomyelin/cholesterol. Other lipids
may be present in the formulations as may be necessary,
such as to prevent lipid oxidation or to attach ligands onto
the liposome surface. Generally the inclusion of other lipids
will result in a decrease in the sphingomyelin/cholesterol
ratio.

A wide variety of therapeutic compounds may be deliv-
ered by the liposomes and methods of the present invention.
“Therapeutic compound” 1s meant to include, e.g., nucleic
acids, proteins, peptides, oncolytics, anti-infectives, anxi-
olytics, psychotropics, 10notropes, toxins such as gelonin
and inhibitors of eucaryotic protein synthesis, and the like.
Particularly preferred among the therapeutic compounds for
entrapment in the liposomes of the present invention are
those which are lipophilic cations. Among these are thera-
peutic agents of the class of lipophilic molecules which are
able to partition into the lipid bi-layer phase of the liposome,
and which therefore are able to associate with the liposomes




5,543,152

S

in a membrane form. Representative drugs include prostag-
landins, amphotericin B, methotrexate, cis-platin and deriva-
tives, vincristine, vinblastine, progesterone, testosterone,
estradiol, doxorubicin, epirubicin, beclomethasone and
esters, vitamin E, cortisone, dexamethasone and esters,
betamethasone valerete and other steroids, etc.

Particularly preferred therapeutic compounds for use in
the present invention are the alkaloid compounds and their
derivatives. Among these are the members of the vinca
alkaloids and their semisynthetic derivatives, such as, e.g.,
vinblastine, vincristine, vindesin, etoposide, etoposide phos-
phate, and teniposide. Among this group vinblastine and
vincristine are particularly preferred. Other alkaloids useful
1n the present invention include paclitaxel (taxol) and syn-
thetic derivatives thereof,

A representative method for producing the liposomes of
the invention 1s now described, although it will be under-
stood that the procedure can be subjected to modifications in
various aspects without affecting the outcome. As described
more fully below in the experimental section, liposomes are
prepared which are able to entrap lipophilic cationic drugs in

response to transmembrane pH gradients, yet which lipo-

somes are resistant to drug leakage in the circulation.
However, procedures for passive entrapment of drugs other
than use of the pH transmembrane gradient can be used.
Initially, liposomes containing sphingomyelin and choles-
terol are prepared according to the desired molar ratio of
sphingomyelin and cholesterol, e.g., 55/45 mol./mol.,
respectively. An appropriate buffer for formation of the
liposome, and thus for forming the liposomal interior, is one
which is physiologically acceptable and having an acid pH,
typically about pH 2 to about pH 6, more preferably about
pH 3 to pH 5, and most preferably at about pH 4. An
example of an appropriate entrapment buffer is citrate buffer,
adjusted to approximately pH 4.

Other lipids can also be included in the preparation of the
hiposome. These lipids include phospholipids such as phos-
phatidylcholine, phosphatidylethanolamine, and phosphati-
dylserine, phosphatidylglycerol, phosphatidic acid, cardio-
hipin, and phosphatidylinositol, with varying fatty acyl
compositions and of natural and/or (semi)synthetic origin,
and dicetyl phosphate. Ceramide and various glycolipids,
such as cerebrosides or gangliosides, may also be added.
Cationic lipids may also be added. Additional lipids which
may be suitable for use in the liposomes of the present
invention are well known to persons skilled in the art.

Once the liposomes are prepared with the entrapped
acidic buftter the liposomes can be sized to a desired size
range. The liposomes should generally be less than about 1.0
microns in size, preferably approximately 0.05 to 0.45
microns, more preferably about 0.05 to 0.2 microns, which
allows the liposome suspension to be sterilized by filtration.
For sizing liposomes, a liposome suspension may be soni-
cated either by bath or probe down to small vesicles of less
than about 0.05 microns in size. Homogenization may also
be used to fragment large liposomes into smaller ones. In
both methods the particle size distribution can be monitored

by conventional laser-beam particle size discrimination or
the like.

Extrusion of liposomes through a small-pore polycarbon-
ate membrane Or an asymmetric ceramic membrane is an
effective method for reducing liposome sizes to a relatively
well defined size distnibution. Typically the suspension is
cycled through the membrane one or more times until the
desired liposome size distribution is achieved. The lipo-
somes can be extruded through successively smaller pore
membranes to achieve a gradual reduction in liposome size.
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Before or after sizing, the external pH of the liposome
preparation is increased to about pH 7.0 to 7.5, by the
addition of suitable buffer, e.g., 0.5M Na,HPO,,. The drug or
drugs of choice are then admixed with the liposomes at an
appropriate concentration, e.g., a vincristine/lipid ratio of
0.01/1.0 to 0.2/1.0 (wt/wt), for a time and under conditions
sufficient to allow transmembrane uptake of the drug(s), e.g.,
from about 5 to 30 min. or more and at about 45°-65° C.
(e.g., 10 mun. at 60° C. in the case of the liposomal
vincristine preparations described in the Examples below),
although one of ordinary skill in the art will understand that
the conditions may be adjusted and uptake monitored
accordingly. The formulation of liposomes and therapeutic
compound(s) should generally consist of a relatively uni-
form population of vesicles in terms of size and drug-lipid
rafio.

Additional components may be added to the liposomes to
target them to specific cell types. For example, the liposomes
can be conjugated to monoclonal antibodies or binding
fragments thereof that bind to epitopes present only on
specific cell types, such as cancer-related antigens, provid-
ing a means for targeting the liposomes following systemic
administration. Alternatively, ligands that bind surface
receptors of the target cell types may also be bound to the
liposomes. Other means for targeting liposomes may also be
employed in the present invention.

Following a separation step as may be necessary to
remove free drug from the medium containing the liposome,
the liposome suspension 1s brought to a desired concentra-
tion in a pharmaceutically acceptable carrier for adminis-
tration to the patient or host cells. Many pharmaceutically
acceptable carriers may be employed in the compositions
and methods of the present invention. A variety of aqueous
carriers may be used, e.g., water, buffered water, 0.4%
saline, 0.3% glycine, and the like, and may include glyco-
proteins for enhanced stability, such as albumin, lipoprotein,
globulin, etc. Generally, normal buffered saline (135-150
mM Na(l) will be employed as the pharmaceutically accept-
able carrier, but other suitable carriers will suffice. These
compositions may be sterilized by conventional liposomal
sterilization techniques, such as filtration. The compositions
may contain pharmaceutically acceptable auxiliary sub-
stances as required to approximate physiological conditions,
such as pH adjusting and buffering agents, tonicity adjusting
agents and the like, for example, sodium acetate, sodium
lactate, sodium chioride, potassium chloride, calcium chlo-
ride, etc. These compositions may be sterilized techniques
referred to above or produced under sterile conditions. The
resulting aqueous solutions may be packaged for use or
filtered under aseptic conditions and lyophilized, the lyo-
philized preparation being combined with a sterile agueous
solution prior to administration.

The concentration of liposomes in the carrier may vary.
Generally, the concentration will be about 20-200 mg/ml,
usually about 50-150 mg/ml, and most usually about
75-125 mg/ml, e.g., about 100 mg/mi. Persons of skill may
vary these concentrations to optimize treatment with differ-
ent liposome components or for particular patients. For
example, the concentration may be increased to lower the
fluid load associated with treatment.

The present invention also provides methods for intro-
ducing therapeutic compounds into cells of a host. The
methods generally comprise administering to the host a
liposome containing the therapeutic compound, wherein the
liposome has a membrane comprised of sphingomyelin and
cholesterol and, optionally, other lipids, and an aqueous
interior at a pH substantially below physiologic pH, e.g., pH
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3 to about 3, and the therapeutic compound of interest. The
host may be a variety of amimals, including humans, non-
human primates, avian species, equine species, bovine spe-
cies, swine, lagomorpha, rodents, and the like.

The cells of the host are usually exposed to the liposomal
preparations of the invention by in vivo administration of the
formulations, but ex vivo exposure of the cells to the
liposomes is also feasible. In vivo exposure is obtained by
administration of the liposomes to host. The liposomes may
be administered in many ways. These include parenteral
routes of administration, such as intravenous, intramuscular,
subcutaneous, and intraarterial. Generally, the liposomes
will be administered intravenously or in some cases via
inhalation. Often, the liposomes will be admimistered into a
large central vein, such as the superior vena cava or inferior
vena cava, to allow highly concentrated solutions to be
administered into large volume and flow vessels. The lipo-
somes may be administered intraarterially following vascu-
lar procedures to deliver a high concentration directly to an
affected vessel. In some instances, the liposomes may be
administered orally or transdermally, although the advan-
tages of the present invention are best realized by parenteral
administration. The liposomes may also be incorporated into
implantable devices for long duration release following
placement.

As described above, the liposomes will generally be
administered intravenously or via inhalation in the methods
of the present invention. Often multiple treatments will be
given to the patient. The dosage schedule of the treatments
will be determined by the disease and the patient’s condi-
tion. Standard treatments with therapeutic compounds that
are well known 1n the art may serve as a guide to treatment
with liposomes containing the therapeutic compounds. The
duration and schedule of treatments may be varied by
methods well known to those of skill, but the increased
circulation time and decreased in liposome leakage will
generally allow the dosages to be adjusted downward from
those previously employed. The dose of liposomes of the
present invention may vary depending on the clinical con-
dition and size of the animal or patient receiving treatment.
The standard dose of the therapeutic compound when not
encapsulated may serve as a guide to the dose of the
liposome-encapsulated compound. The dose will typically
be constant over the course of treatment, although in some
cases the dose may vary. Standard physiological parameters
may be assessed during treatment that may be used to alter
the dose of the liposomes of the invention.

The following examples are offered by way of illustration
and not limifation.

EXAMPLE 1

Acid Stability of DSPC/Chol vs. SM/Chol
Liposomes

This Example demonstrates the stability of liposomes
prepared with sphingomyelin and cholesterol to acid
hydrolysis compared to liposomes prepared with dis-
tearoylphosphatidylcholine and cholesterol.

For liposome preparation, distearoylphosphatidylcholine
(DSPC) and egg sphingomyelin (SM) were obtained from
Avanti Polar Lipids and used without further purification.
Cholesterol was obtained from Sigma Chemical Company,
and PEG-PE was synthesized according to Parr et al.,
submitted, Biochim.  Biophys. Acta  Bio-Membr.
1195:21-30(1994)1994. Lipids were dissolved in CHCl,, or
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CHCI, with trace amounis of CH;0OH, then mixed at molar
ratios as indicated below and excess solvent removed under
a stream of nitrogen gas. Residual solvent was removed
from the lipid film under high vacuum for 3 to 16 hrs. Lipds
were dispersed by the addition of 0.3M citrate buffer (pH 4.0
or 2.0) to achieve a final lipid concentration of either 50 or
100 mg/ml. Hydration of the lipid was facilitated by vor-
texing and heating to 65° C. Equilibration of the solute
between the inside and outside of the liposomes was
achieved by five freeze/thaw cycles between —196° and 60°
C. as described generally in Mayer et al., Biochim. Biophys.
Acta 817:193-196 (1985), incorporated herein by reference.
Large unilamellar vesicles were produced by repeated extru-
sion of the multilamellar liposomes through two or three
stacked 0.1 um filters (Poretics, Livermore Calif.) held at
60°-65° C. in a Themobarrel Extruder (Lipex Biomem-
branes, Vancouver, Canada). Liposome size distributions
were confirmed by quasi-elastic light scattering using a
Nicomp Model 270 Submicron Particle Sizer; these prepa-
rations typically had mean diameters of 130 fo 150 nm.

Large unilamellar liposomes of DSPC/Chol or SM/Chol
were prepared as described above in 0.3M citrate buffer at
pH 2.0 and were then diluted to 3.2 mg/ml of lipid. The
liposomes were incubated at 37° C. for various times then
frozen prior to the determination of lipid hydrolysis. Lipid
dispersions were thawed then the lipid extracted into CHCL,/
CH,OH and concentrated under a stream of nitrogen gas.
Known quantities of lipid were spotted onto K6F thin layer
chromatography plates and developed 1in CHCL,/CH,/OH/
H,O/NH,OH (65/25/4/0.3, by volume). Lipids were visual-
ized in iodine vapor then the appropriate regions of the plate
were recovered and analyzed for phosphorous according to
Bartlett, J. Biol. Chem. 234:466-468 (19359), incorporated
herein by reference. Total hydrolysis of DSPC was deter-
mined from the amount of MSPC present in the samples and
then corrected to total hydrolysis; hydrolysis of sphingomy-
elin was calculated from the difference between the amount
of lipid chromotographed and that recovered as non-hydro-
lyzed sphingomyelin. Calibration curves were determined

for each of DSPC, MSPC and sphingomyelin.

As shown in FIG. 1, liposomes composed of SM/Chol
(55/45, mol/mol) were significantly less susceptible to acid
hydrolysis than were liposomes composed of DSPC/Chol
(55/45, mol/mol). That is, the rate of hydrolysis at 37° C. and
pH 2.0 was approximately 100-fold slower in SM/Chol
liposomes than in DSPC/Chol hiposomes. Similar results
were observed during incubation of liposomes at pH 4.0 and
at various temperatures between 4° C. and 37° C.

These results indicate that liposomes composed of
SM/Chol were significantly more stable to acid hydrolysis
than were identical liposomes composed of DSPC/Chol
(FIG. 1). As the primary degradation product in DSPC/Chol -
liposomes is the lyso-PC (MSPC), it is very likely that
SM/Chol liposomes are more stable than any formulations
based on lipids containing carboxyl-esterified fatty acids
(i.e. any phospholipid-based formulations).

EXAMPLE II

Lipid and Drug Pharmacokinetics

Uptake of vincristine into large umilamellar liposomes
was achieved using a pH gradient-dependent procedure
described by Mayer et al., Cancer Chemother. Pharmacol.
33:17-24 (1993), incorporated herein by reference. Briefly,
a solution of vincristine sulfate (Oncovin®, Eli Lilly, India-
napolis, Ind.) was added to liposomes at a drug/lipid ratio of
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0.1/1 (wt/wt) and equilibrated at 60° C. for 5 to 10 minutes.
Vincristine uptake in response to a transmembrane pH
gradient was initiated by the addition of 0.5M Na,HPO, to
bring the external pH to 7.2-7.6. Uptake was allowed to
proceed for 10 minutes at 60° C. and typically had a trapping

efficiency of approximately 95% (Mayer et al., Cancer
Chemother. Pharmacol. 33:17-24 (1993)). |

Liposomes of DSPC/Chol (55/45), SM/Chol (55/45) or
SM/Chol/PEG-PE (55/40/5) containing the non-exchange-
able and non-metabolized radiolabel *C-CHDE (choles-
teryl-4-hexadecyl ether radiolabelled with °H or C, as
indicated, obtained from New England Nuclear) were pre-
pared. Empty liposomes or liposomes loaded with *H-vin-
cristine (Amersham) were diluted to the indicated concen-
tration with HBS then injected intravenously into BDF1
mice (8-10 weeks old; Charles River) at a vincristine dose
of 2 mg/kg (lipid dose of 20 mg/kg). At various times
following the liposome injection, blood was obtained by
heart puncture and liver, spleen and muscle recovered. In all
cases, lipid and vincristine distributions were determined by
liquid scintillation counting of known volumes of plasma
and 10% homogenates of the tissues.

The clearance of empty liposomes of DSPC/Chol and
SM/Chol is shown in FIG. 2A. Liposomes composed of
SM/Chol were removed from circulation at a slightly slower

rate than were DSPC/Chol liposomes. This difference in
clearance rates between DSPC/Chol liposomes and
SM/Chol liposomes was also observed in formulations con-
taining vincristine, as shown in FIG. 2B, although the
overall clearance rates were slower in the presence of
vincristine due to the effect of the drug on RES activity. The
amount of SM/Chol remaining in circulation was typically
30-50% higher than for DSPC/Chol liposomes. A further
increase in the amount of lipid in circulation was achieved
by the addition of 5 mol % PEG-PE to the SM/Chol
mixtures; 24 hours after i.v. injection, 200 pg lipid/ml
plasma remained in circulation for SM/Chol/PEG-PE lipo-
somes compared with 100 pg/ml plasma for SM/Chol lipo-

somes and 65 pg/ml plasma for DSPC/Chol liposomes (FIG.
2B).

The drug retention characteristics of the liposomes were
significantly altered by changes in the lipid composition of
the vesicies. Vincristine leakage from DSPC/Chol liposomes
was very rapid, with only 50% of the originally encapsulated
vincristine remaining entrapped after 4 hours in circulation,
as shown 1n FIG. 3. In contrast, vincristine leakage from
SM/Chol liposomes was much slower, with greater than
60% of the entrapped drug remaining in the liposomes 24
hours after injection (FIG. 3). Furthermore, additional
increases in the retention of vincristine in SM/Chol lipo-
somes were not observed in the presence of a two-fold
greater transmembrane pH gradient (1.e., ph=2.0). The pres-
ence of 5 mol % PEG-PE in SM/Chol liposomes caused a
significant increase in the permeability of vincristine;
approximately 30% of the entrapped vincristine remained in

the liposomes after 24 hours in circulation, as shown in FIG.
3.

Anti-tumor efficacy of liposomal vincristine is a function
of the amount of the drug remaining in circulation and,
therefore, 1s a consequence of both liposome longevity in

circulation and drug retention within the liposomes. The

total amount of vincristine remaining in circulation was
significantly lower in the liposomal DSPC/Chol formula-

tions than in either the liposomal SM/Chol or SM/Chol/

PEG-PE formulations, as shown in FIG. 4. Both sphingo-
myelin-based liposome formulations had identical amounts
of vincristine remaining in circulation. This was a conse-
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quence of the higher vincristine/lipid ratio in SM/Chol than

in SM/Chol/PEG-PE (FIG. 3) and the lower amount of lipid
remaining in circulation in SM/Chol than in SM/Chol/PEG-
PE (FIG. 2B).

To determine whether the extended circulation lifetime of
SM/Chol liposomes was a consequence of reduced uptake of
the SM/Chol liposomes by macrophages, the uptake of

liposomes by peritoneal macrophages was measured. Empty
DSPC/Chol and SM/Chol liposomes containing '*C-CHDE

were prepared as described above and the external pH
brought to 7.2 to 7.6 with 0.5M Na,HPO,. Liposomes were
injected 1.p. into CD1 mice (8-10 weeks old) (Charles
River) at 100 mg lipid/kg in a volume of 0.5 ml. After 4 hrs,
peritoneal macrophages were recovered by lavage, purified
by repeated centrifugation and then macrophages counted
with a hemocytometer and the amount of lipid taken up by
the macrophages was determined by liquid scintillation
counting.

For serum protein binding assays, 10 mg of either DSPC/
Chol or SM/Chol liposomes labelled with '*C-CHDE were
brought to external pH of 7.2-7.6, then diluted to 20 mg/ml
with HBS. Liposomes were incubated with 500 ul of fetal
bovine serum (ICN Biomedicals) (pre-filtered through a

0.22 um filter) for 30 mins at 37° C. Serum protein that was
not bound to the liposomes was removed by passing the

sample over a 1 cm (internal diameter)x18 cm BioGel
A-15m column (Bio-Rad Laboratories) (in HBS) at 35
/hr. Fractions (1 ml) were assayed for protein (Sigma
bicinchoninic acid protein assay kit) and lipid (LLSC) and the
adsorbed protein was calculated after correction for co-
eluting serum protein.

The uptake of 1.p.-injected SM/Chol liposomes into mac-
rophages was J0% lower than the uptake of DSPC/Chol
liposomes, as shown in FIG. 5. It is likely that the reduced
uptake of SM/Chol liposomes by macrophages and their
extended circulation longevity was a consequence of low-
ered protein opsonization to the surface of SM/Chol lipo-
somes than to DSPC/Chol liposomes. Measurement of the
adsorption of fetal bovine serum proteins to SM/Chol and
DSPC/Chol liposomes indicated that the DSPC/Chol lipo-
somes adsorbed 13.7 ug protein/mg lipid. In contrast, sig-
nificant adsorption of fetal bovine serum proteins to
SM/Chol liposomes was not detected.

Thus, from this Example it can be seen that liposomes
composed of SM/Chol had circulation lifetimes slightly
longer than similar DSPC/Chol liposomes, both in the
presence and absence of entrapped vincristine (FIG. 2).
SM/Chol liposomes were dramatically better than DSPC/
Chol liposomes at retaining vincristine that had been encap-
sulated using the transmembrane pH gradient method (FIG.
4). The addition of PEG-PE to SM/Chol liposomes signifi-
cantly increased the circulation longevity of the liposomes,
but PEG-PE also caused a significant increase in the leakage
of vincristine from the liposomes. The increased levels of
vincristine remaining in circulation in SM/Chol and
SM/Chol/PEG-PE liposomal formulations (FIG. 4) was a
consequence of both improved drug retention in SM-con-
taining liposomes (FIG. 3) and the increased circulation
longevity of SM/Chol/PEG-PE liposomes (FIG. 2b). How-
ever, the increased circulation lifetimes of SM/Chol/PEG-
PE liposomes were balanced by the lower drug retention by
hiposomes containing PEG-PE. Therefore, in SM-based
liposomal formulations of vincristine, there was no improve-
ment in vincristine circulation longevity by the addition of
the lipid PEG-DSPE (FIG. 4). Furthermore, since there was
no improvement in vincristine retention in vivo by the use of
a ph~=2.0, the optimal vincristine retention in circulation was
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achieved with a relatively simple liposomal formulation

comprised of only sphingomyelin, cholesterol and citrate
buffer (pH 4.0).

EXAMPLE I

Tumor Loading Of Liposomal Vincristine

To determine whether increased vincristine longevity in
circulation, as shown in FIG. 4, resulted 1n increased drug
delivery to tumors, the loading of liposomal vincristine 1nto
P388 tumors was examined. For tumor loading experiments,
BDF1 mice were injected i.p. with 10° P388 cells (obtained
from National Cancer Institute, Bethesda, Md.) (passaged
weekly in BDF1 mice) 24 hrs prior to the liposome injection.
At various times following the liposome injection the tumor
was recovered by peritoneal lavage. In all cases, lipid and
vincristine distributions were determined by liquid scintil-
lation counting of known volumes of lavage.

As shown in FIG. 6, accumulation of vincristine from
DSPC/Chol liposomes in P388 tumors had an early peak at
4 hours after liposome injection and was significantly lower
at later times. In contrast, vincristine from formulations of
both SM/Chol and SM/Chol/PEG-PE showed sustained
delivery of vincristine for up to 24 to 48 hours atter liposome
injection. That is, SM/Chol and SM/Chol/PEG-PE formu-
lations of vincristine delivered at least 30% more vincristine
to P388 tumors than did DSPC/Chol liposomes.

The increased levels of vincristine remaining in circula-
tion 1n the plasma using SM-based liposomal formulations
(FIG. 4) was reflected in greater amounts of vincristine
loaded to P388 tumors (FIG. 6). This relationship suggests,
for P388 tumors in BDF1 mice, that liposomes containing
DSPC, SM and/or PEG-PE are not significantly different in
their ability to extravasate from circulation to the peritoneal
fumeor.

EXAMPLE IV

In Vivo Efficacy of Liposomal Vincristine Against
P388 Tumors

To determine whether increased delivery of vincristine to
P388 tumors by SM/Chol and SM/Chol/PEG-PE liposomes,
as shown 1 Example III, resulted in increased anti-tumor
activity, the efficacy of liposomal formulations of vincristine
was determined.

BDF1 mice bearing P388 tumors were treated with lipo-
somal formulations of DSPC/Chol (55/45) mol/mol),
SM/Chol (55/45, mol/mol) or SM/Chol/PEG-PE (55/40/3,
mol,mol,mol) containing vincristine at a drug/lipid ratio of
0.1 (wt/wt). Large unilamellar liposomes of DSPC/Chol
(55/45), SM/Chol (55/45) and SM/Chol/PEG-PE (55/40/5)
were prepared as described above and 1oaded with vincris-
tine at a vincristine/lipid ratio of 0.1/1 (wt/wt). Liposomal
vincristine was injected 1.v. into BDF1 mice that had been
administered 24 hours earlier with an i.p. injection of
10°P388 cells. Liposome concentration was adjusted to
achieve vincristine dosages of 1.0, 2.0 and 4.0 mg/kg, then
animal weights and survival was followed during the sub-
sequent 60 days. Animals surviving for 60 days were re-
injected with 10°P388 cells to evaluate the immune com-
ponent of long-term survival.

As shown in FIG. 7, control mice that received no
injection of liposomal vincristine survived 10-11 days after
administration of the P388 tumor. Treatment with either
DSPC/Chol or SM/Chol/PEG-PE formulations at a vincris-

10

15

20

25

30

35

45

50

33

65

12

tine dosage of 1 mg/kg increased the survival time to 17 and
19 days, respectively. Treatment with SM/Chol formulations
at the same vincristine dosage gave a slight improvement in
survival, 23 days.

At a vincristine dosage of 2 mg/kg, both DSPC/Chol and
SM/Chol/PEG-PE formulations increased survival to 30-31
days. In contrast, at this vincristine dosage, the SM/Chol
formulation was significantly more effective; 60% of the

mice were surviving at 60 days after administration of the
P388 tumor (FIG. 7). At a vincristine dosage of 4 mg/kg,
both the DSPC/Chol and SM/ChoV/PEG-PE formulations

gave 40% of the mice surviving at 60 days after P388 tumor
injection. Formulations of SM/Chol were significantly more
efficacious; apart from a single vincristine toxicity death,
survival of the remaining mice at 60 days was 100% (FIG.
7).

Thus, the antitumor efficacy of SM/Chol liposomes was
significantly better than that of SM/Chol/PEG-PE liposomes
(FIG. 7) despite the observation that the loading of vincris-
tine to P388 tumors was identical in these two liposomal
formulations (FIG. 6). This result suggests that the better
vincristine retention properties of SM/Chol liposomes in
circulation, compared to SM/Chol/PEG-PE liposomes (FIG.
3), may also occur in the peritoneal cavity and result in
improved vincristine uptake by the P388 tumor cells. For-
mulations of SM/Chol were approximately two-fold more
effective than were the formulations based on either DSPC/
Chol or SM/Chol/PEG-PE. That is, survival achieved by
DSPC/Chol and SM/Chol/PEG-PE formulations at vincris-
tine dosages of 2.0 mg/kg were attained by SM/Chol at a
dosage of 1.0 mg/kg. Similarly, the survival obtained by
DSPC/Chol and SM/Chol/PEG-PE at a dose of 4.0 mg/kg of
vincristine was very similar to that achieved by SM/Chol
formulations at 2.0 mg/kg.

In summary, the present invention demonstrates that lipo-
somal formulations of vincristine based on sphingomyelin/
cholesterol vesicles have several significant advantages over
formulations based on DSPC/cholesterol vesicles. Specifi-
cally, formulations based on sphingomyelin/cholesterol: (1)
are much more stable to acid hydrolysis, (2) have signifi-
cantly better drug retention characteristics, (3) have better
tumor loading characteristics, and (4) show significantly

better anti-tumor efficacy than do comparable liposomes
composed of DSPC/Chol or SM/Chol/PEG-PE.

Although the foregoing invention has been described in
some detail by way of illustration and example for purposes
of clarity of understanding, it will be apparent that certain
changes and modifications may be practiced within the
scope of the appended claims.

What 1s claimed 1is:

1. A liposomal composition for delivery of a therapeutic
compound to a mammalian host which comprises a lipo-
some having one or more membranes which comprise
sphingomyelin and cholesterol, a liposomal interior having
an acidic pH which is less than that of the liposomal exterior,
and a lipophilic therapeutic compound contained in said
liposome for delivery to the host.

2. The liposomal composition of claim 1, wherein the
sphingomyelin and cholesterol are present at a molar ratio
from 75/25 mol %/mol % sphingomyelin/cholesterol to
30/50 mol %/mol % sphingomyelin/cholesterol.

3. The liposomal composition of claim 2, wherein the
sphingomyelin and cholesterol are present at a molar ratio
from 70/30 mol %/mol % sphingomyelin/cholesterol to
40/45 mol %/mol % sphingomyelin/cholesterol.

4. The liposomal composition of claim 3, wherein the
sphingomyelin and cholesterol are present at a ratio of
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approximately 55/45 mol %/mol % sphingomyelin/choles-
terol.

5. The hiposomal composition of claim 1, wherein the
lipophilic therapeutic compound is an alkaloid.

6. The liposomal composition of claim § wherein the
alkaloid 1s selected from vincristine, vinblastine, or etopo-
side or prodrugs thereof.

7. The liposomal composition of claim S, wherein the
alkaloid 1s vincristine.

8. The liposomal composition of claim 7, wherein the
vincristine 18 present at a drug to lipid ratio of approximately
0.01/1.0 to 0.2/1.0.

9. The liposomal composition of claim 1, further com-
prising at least one lipid selected from a phosphatidylcho-
line, phosphatidylethanolamine, phosphatidylserine, phos-
phatidylglycerol, phosphatidic acid, cardiolipin,
phosphatidylinositol, ceramide, cerebroside and ganglio-
side.

10. The liposomal composition of claim 1, wherein the
liposomes are unilamellar.

11. The liposomal composition of claim 1, wherein the
liposomes have mean diameters of about 0.05 microns to
0.45 microns.

12. The liposomal composition of claim 1, wherein the
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ean diameters of about 0.05 microns to 0.2

liposomes have
microns.

13. The liposomal composition of claim 1, wherein the
mterior comprises a citrate buffer at about pH 4.0.

14. A liposome for delivery of a lipophilic therapeutic
compound, produced by the process of:

forming a liposome from a mixture which comprises
sphingomyelin and cholesterol, in a first buffered aque-
ous solution having an acidic pH greater than pH 2; and

suspending the liposome in a second buffered solution

having a pH which is greater than that of the first

buffered aqueous solution, whereby a transmembrane

pH gradient 1s formed which facilitates the transfer of

the therapeutic compound to the liposome, wherein the

interior of the liposome containing the therapeutic
compound is from pH 2 to pH 6.

15. The liposome produced by the process of clair

wherein the process further cor

14,
prises the step of separating

20 the liposome containing the therapeutic compound from the

second buffer containing therapeutic compound which has
not been entrapped by the liposome.
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